Asymmetric epoxidation of , -unsaturated carbonyl compounds has been extensively studied and many kinds of organocatalysts have been developed as efficient catalysts for asymmetric epoxidation of , -unsaturated carbonyl compounds. Such as metal complexes, chiral ketones, chiral hydroperoxides, phase transfer catalysts, guanidine based catalysts, asymmetric counteranion-directed catalysts, pyrrolidine based catalysts, and supported organocatalysts. This review summarizes some organocatalysts which have been successfully applied in asymmetric epoxidation reactions of , -unsaturated carbonyl compounds.
INTRODUCTION
In recent years, asymmetric epoxidation of , -unsaturated carbonyl compounds has been extensively studied owing to the synthetic importance of optically active epoxides which are highly useful intermediates and building blocks for the synthesis of biologically active compounds. Various effective systems have been developed for the preparation of chiral epoxides. Such as metal complex catalysis systems, chiral ketones catalysis systems, chiral hydroperoxides catalysis systems, phase transfer catalysis systems, guanidine based catalysis systems, asymmetric counteranion-directed catalysis systems, pyrrolidine based catalysis systems, and supported organocatalysts catalysis systems. 1 
METAL COMPLEX CATALYSIS SYSTEMS
, -Unsaturated carbonyl compounds have been converted to the epoxides by using chiral ligands/metal complexes and different oxygen sources with good to high enantio selectivity. Enders developed the diethylzinc/(1R,2R)-N -methylpseudoephedrine under oxygen atmosphere. 2 Jackson used dibutylmagnesium/L-DET and tert-butyl hydroperoxide (TBHP). 3 Tomioka employed a chiral tridentate aminodiether ligand in the presence of lithium tert-butyl peroxide for the epoxidation of , -unsaturated esters and ketones. 4 In 2007, Shibasaki 5 developed a method for the catalytic asymmetric epoxidation of , -unsaturated esters by using Y(OiPr) 3 -diol complexes. They found that both rare-earth metal and a chiral ligand was crucial for good reactivity and enantioselectivity to be obtained. For -aryl and -heteroaryl , -unsaturated esters, high enantioselectivities (89-99% ee) and good yields were realized when 0.5-5 mol% yttrium-biphenyldiol catalyst was used. Whiel for -alkyl , -unsaturated esters, an yttrium-binol catalyst gave better enantioselectivities (93-97% ee) than the former. In the reaction system, TBHP was used as oxidant and the triarylphoshine oxide or triphenylarsine oxide as the additive (Scheme 1).
In 2012, a simple and H 2 O 2 -efficient asymmetric epoxidation of , -unsaturated carbonyl compounds was accomplished when chiral N ,N -dioxide-Sc(III) complex was used catalyst. A number of optically active epoxides were obtained from the corresponding , -unsaturated ketones and , -unsaturated amides under additive-free conditions. The catalytic system is convenient with good 
REVIEW
water-and air-tolerance, as well as excellent yields and enantioselectivities 6 (Scheme 2). The combination of iron-based catalysts and hydrogen peroxide is an attractive approach for developing oxidation methods because of availability, low cost, and low toxicity considerations. 7 The combination of Fe(OTf) 2 and novel phenanthroline ligands enables the catalytic asymmetric epoxidation of acyclic , -disubstituted enones, which have been a heretofore inaccessible substrate class. The reaction could provide good yields and highly enantioenriched , -epoxyketones when the -aryl was arranged in the substrates (up to 92% ee) 8 (Scheme 3). epoxidation of , -enones. 9 When ketones were used at 10 mol% loading with Oxone as the oxygen source under basic conditions (K 2 CO 3 ) in CH 3 CN/aqueous buffer, the epoxides were isolated in good to high yield and ee (Fig. 2) .
CHIRAL KETONES CATALYSIS SYSTEMS
Ketone catalysts 3 have been employed in the asymmetric epoxidation of , -unsaturated esters. 10 The corresponding epoxide was obtained with 90% conversion and 85% ee 10 (Scheme 4). In 2010, efficient epoxidation of chiral cinnamic acid derivatives has been achieved by in situ generated dioxiranes of chloroacetones with moderate to good diastereoselectivity (dr up to 90:10) in high yields 11 remains the most popular for the epoxidation of electrondeficient carbon-carbon double bonds.
The first example was reported by Adam, 12 who employed the secondary optically pure alkyl hydroperoxide and KOH to realize the epoxidation of enones at − 40 C (Scheme 6).
The use of chiral hydroperoxides as an oxygen source has attracted the attention of many scientists in recent years. Kinetic resolution of a variety of secondary parasubstituted phenylethyl hydroperoxides was fulfilled by Raphanus sativus L. (black radish peroxidase) in the presence of guaiacol 13 (Scheme 7). In addition, they have also demonstrated that it is feasible for the optically active hydroperoxides preparation to effectively oxidize the electron-deficient olefin with moderate ee.
PHASE TRANSFER CATALYSIS SYSTEMS
Chiral phase transfer catalyst (PTC) is a class of small molecule organic catalysts without metal, which has many advantages, including operational simplicity, environmentally friendly, no need for anhydrous reaction conditions, and the high level of asymmetric induction.
In compounds (4 and 5) by alkylation of nitrogen with (9-anthracenyl)methylene group and benzylation of secondary hydroxy group at the same time. The epoxidation of transchalcones was carried out in toluene using compound 6 15 and aqueous solution of NaOCl at 25 C or compound 7 16 and aqueous solution of KOCl at − 40 C , which reaction system significantly improved in terms of enantioselectivity (ee up to 97%). catalyst 8 17 has been used in the epoxidation of naphthoquinone, using vitamin K 3 at 2.5 mol% loading with aqueous solution of NaOCl at − 10 C in chlorobenzene, afforded the corresponding epoxide in 73% yield and 85% ee (Fig. 3) .
Very recently, catalyst 9 18 has been used in asymmetric epoxidation of chalcones, and the , -epoxyketones were prepared in high optical purities (91-99% ee) (Scheme 8).
Besides chiral quaternary ammonium salts, monosaccharide-based chiral crown ethers (11 or 12) are also suitable catalysts in the enantioselective epoxidation of , -enones by tert-butyl -hydroperoxide 19 (Scheme 9). In 2011, first example of exploring in asymmetric epoxidation of chalcone using quaternary salts and nonionic surfactants based on 6-amino-6-deoxy-glucose as chiral phase transfer catalysts with 90% yield and 16.5% ee 20 ( Fig. 4 ).
GUANIDINE BASED CATALYSIS SYSTEMS
Optically pure guanidine (catalyst 15-20) with a pKa similar to DBU were synthesized and employed in the epoxidation of cyclohexenone and trans-chalcone with TBHP in toluene/5% of isopropanol mixture, which was reported by Taylor 21 (Fig. 5) .
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Me Scheme 5. Efficient epoxidation of chiral cinnamic acid derivatives using ketone catalyst by in situ generated dioxiranes from chloroacetones. The enantioselective epoxidation of , -unsaturated ketones with hydrogen peroxide was demonstrated by axially chiral guanidine as a base catalyst. The newly developed axially chiral guanidine base bearing an additional central chirality functions as an efficient catalyst to provide epoxides in 51-65% ee 22 (Scheme 10).
ASYMMETRIC COUNTERANION-DIRECTED CATALYSIS SYSTEMS
Asymmetric counteranion-directed catalysis (ACDC) 23 or chiral anioncatalysis 24 in enantioselective synthesis is the induction of enantioselectivity in a reaction which proceeds through a cationic intermediate by means of ion pairing with a chiral, enantiomerically pure anion was provided by the chiral catalyst. 23 The ACDC concept was introduced in 2006 by List. 25 In 2008, Wang and List developed an asymmetric epoxidation of enals, using an achiral secondary amine in conjunction with chiral phosphoric acids to achieve high enantioselectivities (up to 94%). 26 In the same year, they carried out an asymmetric epoxidation of cyclohexenone achieving high enantioselectivities (up to 99%). 27 Then, List exploited a highly enantioselective catalytic epoxidation of -branched, , -unsaturated aldehydes and obtained high enantioselectivities again (up to 98%). The good experimental results were attributed to the combination of chiral cinchona-based primary amine with the chiral phosphoric acid. 28 In recent years, List developed highly enantioselective Weitz−Scheffertype epoxidation and hydroperoxidation reactions of , -unsaturated carbonyl compounds (up to > 99.5:0.5 er), using cinchona alkaloid-derived primary amines as catalysts (catalyst 22) and aqueous hydrogen peroxide as the oxidant 29 (Scheme 11). The mechanistic hypothesis was proposed to prove the rationality of the results (Scheme 12). 
PYRROLIDINE BASED CATALYSIS SYSTEMS
Diaryl prolinol, which promoted the asymmetric epoxidation of , -enones, was derived from low cost and easily available L-proline. The first successful example of this catalyst used in the epoxidation was the commercially available , -diphenyl-L-prolinol and TBHP as the oxidant 30 (Fig. 6) . The asymmetric epoxidation of transchalcones and alkyl , -enones using organocatalyst 23, and the epoxides were obtained in good yields and with up to 80% ee (Table I) . Further investigations were then directed to synthesize stereoelectronically modified L-diaryl pyrrolidinemethanols to improve the performance of catalyst 23 and to clarify the structural elements important to the activity and the asymmetric induction. 31 Electron-donating groups in the phenyl ring enhanced the activity and have significant effect on the enantioselectivity when methyl groups were placed at meta positions. An improved procedure for the enantioselective epoxidation of , -enones was then developed employing novel organocatalyst 26 at 20 mol% loading and at 4 C (Table II) enabled to refine the activity of this type of promoters, which was successfully improved by using a more active organocatalyst 27 at significantly reduced loading (10 mol %) 32 (Table III) . Organocatalyst 27 was identified as the most effective promoter and as the result the aromatic substitution pattern was maintained. Then, the tetrahydropyrrole ring of the L-proline was modified for the synthesis of structure similar cyclic compounds 28 and 29 as organocatalyst 33 ( Fig. 7) . The epoxidation of model compound trans-chalcone was carried out by employing compounds (Table IV) . The results in table clearly showed that ring size is crucial for the epoxidation to proceed and the pyrrolidine ring ensured the highest conversion and asymmetric induction. Zhao reported a highly enantioselective asymmetric epoxidation for , -enones using easily obtained prolinol organocatalyst 30 and TBHP as an oxidant. High yields and excellent enatioselectivities were obtained for (Table V) . Recently, the first asymmetric epoxidation of trans-2-aroyl-3-arylacrylonitriles has been developed by employing commercially available reagents, such as TBHP and , -L-diaryl prolinol 26 35 (Table VI) . The mechanism 36 of the asymmetric epoxidation of enones with tert-butyl hydroperoxide promoted by , -L-diarylprolinols has been studied by second order Møller-Plesset perturbation theory (MP2) and density functional theory (DFT) computations. The non-covalent activation of the reactants, through an effective network of hydrogen bonding interactions, initially hypothesized on the basis of the available experimental data, was shown to constitute an energetically viable pathway (Scheme 13). In recent years, asymmetric epoxidation of , -unsaturated aldehydes has been extensively studied using chiral pyrrolidine derivative. Jørgensen 37 developed the first organocatalytic asymmetric epoxidation of , -unsaturated using a sterically encumbered chiral pyrrolidine derivative (catalyst 31), which was easily accessible in four steps from L-proline and hydrogen peroxide as the oxidant. The reactions could take place under environmentally friendly conditions, and for a series of different substituted , -unsaturated aldehydes, good to high yields and diastereoselectivities and excellent enantioselectivities of the corresponding , -epoxy aldehydes were obtained (Scheme 14).
In 2007, direct organocatalytic enantioselective epoxidation of , -unsaturated aldehydes with different peroxides was presented. Proline, chiral pyrrolidine derivatives, and amino acid-derived imidazolidinones catalyzed the asymmetric epoxidation of , -unsaturated aldehydes (Fig. 8) . In particular, protected commercially available , -diphenyl-and , -di( -naphthyl)-2-prolinols catalyzed the asymmetric epoxidation reactions of , -unsaturated aldehydes with high diastereoand enantioselectivities to furnish the corresponding 2-epoxy aldehydes in high yield with up to 97:3 dr and 98% ee. Gilmour described the gauche effect of fluorine-iminium ion and illustrated its potential as a valuable conformational tool 39 (Scheme 15). In 2010, Asymmetric epoxidation of -substituted acroleins with hydrogen peroxide was catalyzed by diphenylprolinol diphenylmethylsilyl ether to affordsubstituted-, -unsubstituted-, -epoxy aldehyde with excellent enantioselectivity and the generation of a chiral quaternary carbon center 40 (Scheme 16). Highly enantioselective synthesis of , -epoxy esters was achieved via one-pot organocatalytic epoxidation and subsequent oxidative esterification. Excellent enantioselectivities (up to 99% ee) and good yields were obtained for a variety of , -epoxy esters 41 (Scheme 17). 
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SUPPORTED ORGANOCATALYSTS CATALYSIS SYSTEMS
Recently, supported organocatalysts as a newly emerging branch in the field of organocatalysis have been attracting intensified attention in relation to design, synthesis, and catalytic performance evaluation. Polymer-suppported organocatalysts not only favor recycle and reuse to offset the drawbacks of organic small-molecules, but also possess improved catalytic properties owing to their spatial structure, which helps to inject new vitality into the field of organocatalysis.
A new efficient covalent immobilization method for preparation of silica-grafted poly-L-leucine catalyst AP-PLL-Silica gel was developed. The AP-PLL-Silica gel (catalyst 42) catalyzed asymmetric epoxidation of benzalacetophenone, yielding optically active epoxy ketone in high enantioselectivity (up to 97% ee). The catalyst was easily separated and reused several times with no significant loss of activity and enantioselectivity 42 (Table VII) . Dimeric cinchonine, cinchonidine, and quinine have been anchored (via nitrogen) to long linear PEG chains to afford soluble polymer-supported chiral ammonium salts, which were employed as phase-transfer catalysts in the asymmetric epoxidation of chalcones. The highest enantiomeric excess was obtained with 86% 43 (Table VIII) . Zhao reported the enantioselective epoxidation of enones using the polyether dendritic chiral pyrrolidinylmethanol derivatives and TBHP as an oxidant in carbon tetrachloride 44 (Scheme 18). After the reaction was completed, dry methanol was added to the reaction mixture, and catalyst was almost quantitatively precipitated and recovered via filtration. The recovered catalyst was reused for the epoxidation of chalcone at least five times (with 144 hours at a time) with little or no loss of activity and enantioselectivity (Table IX) .
Recently, a simple, efficient and environmentally friendly method of synthesizing nanohybrid materials based on sonication in water was developed. IPL2 60−3w (synthesized from poly-L-leucine using an monomer/initiator ratio = 5 at 60 C, poly-L-leucine mixed with rehydrated hydrotalcite and was stirred at room temperature for 1 h, water is the solvent) exhibited activity and no catalyst pre-activation was necessary. The nanohybrid can be separated from the reaction mixtures by simple centrifugation. In this way, the catalyst can be recovered and reused in keeping the same activity and enantioselectivity for at least five consecutive runs 45 ( Fig. 9 ).
CONCLUSIONS
This review has summarized eight class catalytic systems for the asymmetric epoxidations of , -Unsaturated carbonyl compounds. 
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or heterogeneous polymer-supported organocatalysts are employed and recycled to synthesize a variety of epoxy ketones with high asymmetric induction. Operational simplicity and mild conditions are advantages of these organocatalysts and will surely be developed rapidly. At the same time, good results will open the way to future developments in the asymmetric organocatalyzed epoxidation of , -Unsaturated carbonyl compounds. In the future, catalyst and reaction conditions will be further modified and substrate applicability will be expanded.
